We report an antiresonant hollow core fiber formed of 7 non-touching capillaries with inner tubes. The fiber has a core diameter of ~33µm and a core wall of ~780nm of thickness. We demonstrate robust single mode operation at 1064nm and broad transmission bandwidth.
Introduction
Hollow-core fibers (HCFs) are a versatile fiber technology platform for numerous applications [1, 2] . Since the early days of HCF research, it was identified that the core boundary strongly impacts the guiding properties of the fiber and its accurate control is required in order to minimize propagation losses [3] . In the past few years, rapid progress has been made in developing low-loss and bendable HCFs comprising an antiresonant, negative curvature core boundary. In antiresonant hollow-core fibers (AR-HCFs), the precisely designed core wall minimizes the optical intensity in the glass structure and reduces losses [2, [4] [5] [6] [7] [8] . The first demonstration of an AR-HCF was based on a Kagome structure [3] . This fiber design achieved relatively low transmission loss and broad-band guidance due to the low coupling between their core and cladding modes. Subsequently, various designs of AR-HCF based on a negative curvature core wall with improved optical properties were demonstrated [4] [5] [6] [7] [8] . Recently, non-touching capillaries core wall fibers were demonstrated as an attempt to further reduce the transmission losses and at the same time, broaden the transmission window [8] . In these fibers, the non-touching core wall maintains a constant thickness of the reflecting glass membrane, and thus suppressing the appearance of undesired resonances. However, the losses of these fibers are dominated by confinement loss. In order to overcome confinement loss, a novel fiber known as nested AR-HCF, utilizing secondary capillaries within each external capillary was proposed [8] . Numerical simulations have predicted that sophisticated nested AR-HCF can potentially achieve extremely low attenuation values [9] . However, in order to fabricate such complex AR-HCFs, accurate control of the core wall membrane and the secondary inner tubes structure is required.
Here, we report the fabrication and characterization of an open boundary 7-capillaries AR-HCF with nested tubes. The fiber was fabricated by the well-known stack and draw method using thin tubes to create the cladding. The measured optical properties of the fabricated fiber are in excellent agreement with numerical simulations performed using a scanning electron microscope (SEM) image of the actual fiber. The fiber was designed for single mode operation at 1064 nm. Figure. 1(a) shows a SEM image of the fabricated AR-HCF. The fiber has an outer diameter of 124 µm, a core diameter of 33 µm and a core wall thickness of ~780 nm ±50 nm. The wall thickness of the inner capillaries is ~749 nm ±50 nm. The diameter of the larger cladding capillaries is ~13.3 µm, while the diameter of the inner tubes is ~3.3 µm. Although further fabrication improvements for controlling the shape and position of the inner capillaries are still required, we have solved important challenges related to the fabrication of double-capillary AR-HCF and demonstrate a complex fiber structure with a relatively thin core wall. Figure. 1(b) shows the measured transmission spectrum for a 2 m long nested AR-HCF along with the near field mode profile obtained at 1064 nm. The transmission spectrum was measured by using a broadband source (NKT photonics SuperK) via butt coupling with a single mode fiber at the input end of the AR-HCF. The transmission spectrum shows two resonant wavelengths ~780 nm and ~1380 nm, which is in good agreement with the fiber's geometry. Using a cut-back measurement, a propagation loss of ~2 dB/m was measured at 1100 nm. The mode profile image presented in Fig. 1(b) , clearly shows that even for very short fiber lengths and a not optimized excitation, this fiber supports robust single operation.
In order to better understand the experimental results, we calculated the optical properties of the fabricated fiber using a FEM model (COMSOL). For these simulations, an accurate model of the actual fiber was obtained from the SEM image presented in Fig. 1(a) using image processing tools. Moreover, to precisely model the fiber confinement loss, we utilized a circular perfectly matched layer (PML) and both mesh and PML parameters were carefully optimized [10, 11] . Fig. 2(a) presents the modeled structure and the calculated intensity profile of the fundamental mode at 1064 nm. Fig. 2(b) shows remarkable agreement between the measured loss (black line) and the calculated confinement loss (red line) of the nested AR-HCF. In conclusion, we have fabricated a novel nested capillaries AR-HCF with a thin core wall boundary. The fiber's cladding consists of 7 non-touching capillaries with inner tubes that enhance the antiresonant reflection. The fiber has a core diameter of ~33 µm and a thin core wall. Experimental measurements and numerical simulations of the fabricated fiber are in excellent agreement. By further reducing the core wall thickness and improving the fiber structure we expect to significantly reduce losses and increase the transmission bandwidth. 
